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INTRODUCTION

Carex L. section Ph^IIostachyae Tuck, ex Kiik. is a well-defined group of 10 species

( C. backii Boott; C.basiant ha Steud.; C. jamesii Schwein.; C.junipero rum Catling,

Reznicek, & Cains; C. lod t'hrcit taiki Watcrlall; C. stv vi nii>m<f n« Mack.; C. superata



Naczi, Rezmcek,& B.A. Ford; C.tim ula Naczi & B.A. Ford; C. wiUJcnown Willd.;

C. sp. nov. Saarela & B.A. Ford) that is endemic to forested and semi-forested

habitats in North America. This section has been the subject of considerable

systematic research (Catling et al. 1993; Ford et al. 1998a, 1998b, 1998c; Naczi et

al. 1998; Starr et al. 1999; Naczi & Ford 2001; Saarela and Ford in press) with

new insights having been gained not only into the taxonomy, phytogeny, and

genetic structure of this section, but the genus Carcx as a whole. One of the

most unexpected I Hidings of our research has been the discovery of a propor-

tionately large number ol undetected or uiulcsenbed species. These new spe-

ciesiurn out to be membcrsoi widespread species complexes that are masquer-

ading under a single name. Undetected species usual 1 v become apparent when
plants from the northeastern and central United States and adjacent Canada
are compared with specimens from the southeastern United States or western

North America. This trend was evident in our earlier stud y of the C.willdenowii

complex (Cwilldcnowiis.s[\:;Cbdsiaiitha:Csupcrata)l\ :

or(_\e[i\]. 1998c; Naczi

et al. 1998) and most recently in our investigation of C. jamesii s. lat. (C.jamesii

s. str.; C.jumperorum; C.timida) (Naczi & p ,xl 2001) and C backii (C. backii s.

str; C. saximontana: C. sp. nov.) (Saarela &r Ford in press).

The C.jamesii complex isa well defined monophyletic assemblage of taxa

(Ford et al. 1998b; Starr et al. 1999) distinguished from other species in section

Phyllostachyac by a combination oi filiform stigmas, pistillate scales that do

not conceal the pengynium, and perigynium bodies that are abruptly con-

ii icted into i U al Molt culai ladies iiuIk an thai II thrci pi cio h m idi n

tical ITS sequences (Starr et al. 1999; Starr pers. commj. Morphologically C
junipavrum is r he most divergent memberol thiscomple.x being distinguished

by its numerous pcngynia (4 9 per inflorescence), short culms (< 1/3 the length

ol tin' leaves), anil lack ol h\ aline margins on the pistil late scali Own x jamesii

and C.timida are characterized by their relativeb' lew pei igynia (1-3 per inflo-

rescence), elongate culms (subequal to the length ol the leaves), and pistillate

scales with conspicuously h valine margins. Ihm h species are superficially simi-

l.n bui on be icadily distinguished iw differences in cataphyll epidermal cell

morphology sheath color, and proximal staminate scale length.

Isozyme analysis has provided important ancillary data lor systematic

studies of Carc.x and m particular lor recent taxonomic investigations of spe-

cies complexes in section Phyllostachyac (Ford et al. 1998a, 1998b, 1998c). The

isozyme data; 2) determine the degree ol genet ic divergence within and between

species in the C.jamesii complex; and 3) compare the phylogenetic inferences

Irom isozyme data to the evolutionary h\ pothesis proposed b\ Naczi m\u. F'okI

(2001).



A total of 649 mdi\ hiii I w< e< Ulcere 1 from >o populations (16 of C.jamesii,

4 olX.jun ipenmit m, and 6 of G. timida) (Table U. Our study included all C.jamesii

and C.juniperorum populations examined by Ford et al. (1998a, 1998b) plus

additional population ol ' m,h a/nidf /mmGi li u v < u < olf <. n d it n flu

completion of these studies. The methodology for field sampling and enzyme

analysis follows thai oi Ford el al. (1.998c). Flevcn enzymes coded by 15 inter-

pretable, putative loci were included in this study. The 1 5 Loci and their associ-

ated alleles were: aspartate aminotransferase A \i L (a); diaphorase DIA-1 (a to

i
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!
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lio pli,ir< i ,r,iiu i i
' .PI 'la to I j leucine aminopep-

tidase, LAP-1 (a to c); malate dehydrogenase, MF1
1 Ha to b). MDH-2 (a to c);

menadicn kIikm. M'HG io 1*) p< io vida < I'll' 'a) >ho ,pl "I m in

tase, PGM-1 (a to e), PGM-2 (a to c); shikimate dehydrogenase, SKD(a to c, allele

cisa null all* l< oh; -iw-d m populanon iOoi ( limula) ,upci oxide dismutase,

SOD(a to b); and tnose-phosphate isomerase, TPI-1 (a to d), TPF2 (a to c). Allele

frequencies, Nei's unbiased genetic identities (I) (Nei 1978), and an UPGMA
(unweighted pan-gioup m.ah« d) pin nogram wi r» calcul itcd using BlOSYS-1

(Swofford & Selander 1981). Total genetic diversity lor each species (Hj), aver-

age diversity within (Hs) and among populations (Dst), and the coefficient of

genetic differentiation (G.srJ were calculated using Nei and Chesser's (1983)

procedure, unbiased for sample size, using GENESTAT-PCv. 2.1 (Fewis &
Whitkus 1989). These analyses included both monomorphic and polymorphic

A total of 15 putative loci were surveyed in this stud}' with all loci, expect AAT-1,

D1A-2, and PER-2 being polymorphic in one or more populations. Carexjamesii

had 12 polymorph u lo< i v Inh (
) \ ai iabf loi i were 'omul in C jumperorum and

C. timida. Carexjamesii also had the greatesi allelii dm mi ty with 42 alleles

identified, while 30 md >l dilfei mi all -lm v i oh ( i\<d in C juniperorum

and C. timida, respectively. With the exception of unique alleles for PGM-f, the

allozymes found in ' hinuGand* /mipn ioiuin v n- ubset of those found

in C.jamesii (Table 2).

Gen* ti< variability tatistics fell within t hi range previously r< ported lor

C.jamesii and C.juniperorum (Ford et al. 1998a) (Table 3). The mean number of

alleles per locus (KJ ranged from 1.2 in C.juniperorum and C. timida (popula-

tion 52, Hastings Go., I

)

n t a r i o a nd popu 1 a t i on 5 3, Mon roc Go., Ken tucky, respec-

tively) to 2.1 in the Gampbell Co.. Kentucky population of C.jamesii (popula-

tion'; f he pc centageo polymorphii loci (P) wa variable and ranged from

20.0 in the Monroe Co.. Kentucky population of C lunula (population 53) to
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73.3 in the Grant Co., Indiana population oi ( ./oiumn i population 8). The aver-

age observed heterozygosity within populations (rW ranged from 0.137 in the

Bath Co., Virginia population o\ C.pmcsi i (population 41 ) to 0.336 in the Gram
Co., Indiana population ol this same species (population 8). The expected het-

erozygosity in each population based upon I lamb' Weinberg expectations

U/,-\j>) was lesstlian thai observed ineach population with values ranging Iron
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0.082 in the Bath Co.. Virginia population olCiamesii (population 41) to 0.261

in the Mason Co., Kentucky population o\ this same speeies (population 34).

(..one diversity siatisties I Table U indicated that C ]iiniperorum had the

lowest total gene diversity (H T ) (0.135), while that lor C.jamesii (0.265) and C.

timida (0.247) was almost t wice as great. A si in i lar t rend was seen within-popu-

lations (Hs), with the lowest value found in C.juniperorum while much higher

values were observed in C.jamesii (0.188) and C. timida (0.141).

The gene diversity among populai ions U^.s/) and coefficient of genetic dif-

lerenttation (G57) were also variable with extremely low values found in C.

juniperorum (D St- 0.007, Gs,= 0.049), while relatively high values were asso-

ciated with C.jamesii (D Sr= 0.077, GS i = 0.290) and C timida (D St- 0.106, GSt

= 0.429). Taken together these numbers indicate that species within the C.

jamesii complex harbor as little as 57.1% (C timida) to as much as 95.1% (C.

jinnpcioi a nihil their genetic diversity within populations

Intra-specific genetic identity values were variable, and in some instances

surprisingly low Uahl< i Wcragcvahu i -ange< 1 1 rom oop for C.juniperorum

to 0.852 in C.ti mi da flu low value found m tins lama nccies was largely the

result of the presence oi unique alleles lor the isozymes PGM-1, PGM-2, and
SKD in the Arkansas populations (populations 16 and 20) o\' this taxon (Table

5). No activity was observed for SKD in population 20 suggesting that these

plants may have lost the abihtv to express this enzyme phenotype.

Inter-specific genet icidcnt n.y val ues were lower than t hose observed within

species and ranged from 0.655 p ;.jamcsi i and C 1 i mala ) to 0.760 (C.juniperorum

and C. timida) (Table 5). These lower val ues can be attributed to the presence of

diagnostic or high frequency alleles i n all species. A Holes for t he isozymes MDH-
2, PGM-1, and PGM-2 helped to differentiate C.jamesii from C timida and/or C
juniperorum (Table 2). The high genetic identity between C juniperorum and
C timida was the result of the presence of sun i lar alleles for PGM-1 and/or PGM-
2 in Arkansas populations of C timida and populat lonsol C. juniperorum. All
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populations of C. timula could h di nngui hcdlrom( jumpcrorum by the

presence of the allele MDH-2a (Table 2).

A cluster analysis of populations usi ng NeTs l h)78) unbiased genetic iden-

tity values indicated the presence ol two distinct groups, one corresponding to

C.jamesii and a second to C.juniperorum, .-tiinidu. Syntopie populations of C.

jamesii and C. timida (population 56 and 57) were separated with no interme-

diates being detected Within the second clustei ( junipcrorum and C.timida

formed indistinct groups owing to the allelic similarity o\ the two Arkansas

populations of C.timida with C.juniperorum (.Fig. 1).
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Taxonomic and Phylogenetic Implications

( Hir isoevme study pro\ k.Ics allelic data thai supports rhe recognition of three

species in the C.jamcsn complex (el. Nacn «Sr Ford 2001). Each species is distin-

guished by at least one unique or high frequency allele, and with one exception

(see below), each forms a distinctive group in the cluster analysis of genetic

identity values. Despite the morphological similarity of C.jamesii and C. timida,

these two species were consistent I y separated i n the cluster analysis. Even when
these species occur in mixed populations (e.g.. populations 56 and 57), no inter-

mediates were detected.

Phylogenetic relationships within section Phyllostachyae have been ex-

plored in a number of papers, with Naczi and Ford (2001) having investigated

the relationship of the newly described C. t imida to other members of the sec-

tion. Despite the morphological similarity o\ C.jamesii and C. timida, this study
suggests that C.tinuda and C.jumpcrorum are sister species and that C.jamesii

' basal to this chide, t \iv genetic distance analysis of isozyme data substanti-

ates this hypothesis.

The discovery of genetically unique populations of C. timida from the

Ouachita Mountains of Arkansas, which blur the distinctiveness between the

latter species and Cju n ipero ru m, was sur prisi ng. espec lal I y since morphologi-
cally these plants have been shown to be C. t i mida ( Nac a and Ford 2001). There
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are, however, a number oi possible explanations lor this finding. One possibil-

ity is that the lack of distinct groups is a sampling artifact. If more loci had

been surveyed, other diagnostic alleles, such as MDH-2a, might have been found



resulting mthe lor m uionoi mon distim riv ( c In u i ; \noih< i possibilit> is that

the C. timida populations sampled from the Ouachita Mountains (especially

population 20) arc closest to the ancestor that gave rise to C. juniperorum and
C. timida, accounting for their unique positions in the cluster analysis. Alterna-

tively, C. juniperorum could have arisen from a population, or populations, of C.

timida similar to those found in western Arkansas. The Ouachita Mountains
are a recognized glacial refugium and a center ol endem ism ( Robinson & Allen

1995); a number of narrowly distributed plant and animal species occur in this

region (Krai & Bates 1991; Robinson & Allen 1995). Many species that found
refuge here are thought to have moved northward following the events of Pleis-

tocene glaciation (Robinson & Allen 1995). In some instances, these more north-
erly populations became isolated from populations in the south resulting in

the formation of new species I Ross Rj R icker 197
1

; Robinson & Allen 1995). This
phenomenon could account Ion he origin of C.jumpcroi ion and the occurrence
of genetically unique populations of C. timida in the Ouachita Mountains.

Genetic Variability and Diversity

Table 3 and 4 indicate t hat C.juniperoru m possesses about half the genetic vari-

ability and diversity found in C timida and C. jamesii. This pattern is similar to

that found in our study of" C willdcnowii s. kit., where C superata was thought
to possess half of the variation /diversity found in the other species of this com-
plex due to its very short culms (could rest net pollen and seed movement) and
restricted distribution (limited gene flow, selection due to environmental ho-
mogeneity (Ford et al. 1998c). lake C superata, C. juniperorum has extremely
short culms, with inflorescences that are crowed in the base of the plant. Fur-
thermore, this species is rare and occurs in disjunct regions in southern Ontario,

Kentucky, Ohio, and Virginia (Naczi and Ford 2001). The combined evidence
suggests that iactors similar to those operating in C. superata may be influenc-
ing the genetic structure oi C. juniperorum.

At the opposite end of the spectrum is C. jamesii. I his is the widest rang-
ing species in the C. jamesii complex and is sympatric with both C timida and
C. juniperorum. Carexjamesii has the highest number of polymorphic loci (12

out of 15), the greatest number ol alleles, and the highest genetic variability

and diversity values {H , and Hs ) for any species m this clade. In addition, with
the exception ol unique alleles for PGM-1, the a! lozymes found in C. timida and
C. juniperorum are a subset of those found in C. jamesii. The widespread nature
of C. jamesii, and its adaptation to a variety of climatic and ecological condi-
tions, may be factors contributing to the high levels of genetic diversity and
variability found in this species. Being only one node away from the ancestor
that gave rise to the C jamesii clade (cf. Naczi & Ford 2001), it is also possible

that Cjamesii retains much of the variation found in the ancestor to this group
accounting for this species extensive allelic diversity



Insights into the Delineation of Infraspecific Taxa and Justification for Recog-

nizing C. timida as a Distinct Species

A comparison ol tb \'olutionar\ h\ poi In i piooosed in iln pap. i w iiImIu

superficial similarity found between ( .'.

t imida and C. jamest i a! lows us to ev] don:

issues surrounding di recognition ol in! i pccifii u ind justification for

recognizing C tinned ai du * pi i u lod I nit a p< nil. < m < m icsaie Ireptienrh

used by taxonomists as a means ol recognizing poorly differentiated taxa or

taxa distinguished I a si emmgh minoi moi pliological differences. Current phy-

logenetic methods may not be appropriate iordeiernuning relationships at this

level since these relationships are not necessarily hierarchical and the charac-

ters used to define taxa are not al wax's discrete. This fact, along with problems

associated with outgroup selection, has led most earieologists to develop in

fraspecific classifications using phenetic methods (e.g.. Murray 1969; Rcznicck

& Ball 1980; Crins& Ball IW] R< meek b)8', Maud ley 1985. CrmsSr Ball 1989a,

1989b; Ball & Zoladz 1994; Dunlop <Sr C row |999j. One might wish to consider

C. timida as a subspecies ol u./umc.sb because ol the close morphological simi-

larity of these two taxa. Indeed, an evaluation of the results of our phenetic

study might have made this a tenable concl usion Ccl Naczi & Ford 2001). How-

ever, when the result of our phylogenetu uni genet u rescarcfi are eon idered

it is clear that the recognition ol '(.. timida a a ubspecii of ( jamcsi /' would

have created a clade co\npo^cd eniirvly ol artificial taxa. While infraspecific

t elation hip m not iu n il\ liuia lu< a I ml la >p -mI k elassifications do

represent explicit phylogenetic hypotheses. This study shows that genetic and

phylogenetic divergence is not necessarily correlated with striking morphologi-

cal differences: morphological h similar taxa are noi necessarily closely related.

Wesubmit that infraspecific classifications based entirely on grouping mor-

phologically similar taxa can lead to die recognition o\' artificial species. Fur-

ther, we suggest that if taxa posses-; eleai -cut differences, no matter how nar-

row, it is best to recognize these taxa as distinct species. Infraspecific taxa should

exhibit some degree of mtergradation thus making the identification of a sig-

nificant number of individuals impossible even under the most perfect circum-

stances. Using this ci ilerion, C timida is best recognized as a distinct species.
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